To explore the possible role of serum lipoprotein(a) (Lp(a)), apolipoprotein E polymorphism, and total cholesterol (TC) serum concentrations in Alzheimer's disease (AD). Methods: Lp(a) serum concentrations, apolipoprotein E genotypes, and TC serum concentrations were determined in 61 patients with a diagnosis of probable AD and in 63 healthy unrelated age matched controls. Genomic DNA was obtained and amplified by polymerase chain reaction and apolipoprotein E genotypes were defined following a previously described procedure. Results: Lp(a) serum concentrations were significantly associated in a non-linear relation with an increased risk for AD, independently of apolipoprotein E genotypes and sex and dependent on age (truth association) and TC serum concentrations (spurious association). The effect of age adjusted for TC on the odds of having AD increased non-linearly with increasing Lp(a) serum concentrations, with a plateau between 70 and 355 mg/l (odds ratio 11.33). For Lp(a) serum concentrations > 360 mg/l, the effect of age (> 72 years) was associated with a reduction in odds of having AD (odds ratio 0.15).
I nheritance of the e4 allele of the apolipoprotein E gene increases the risk for sporadic and familial late onset Alzheimer's disease (AD) in comparison with the other two common alleles, e2 and e3. 1 The association of apolipoprotein E e4 allele with increased serum total cholesterol (TC), low density lipoprotein (LDL) cholesterol, and apolipoprotein B and with an increased risk of AD raises the question about the relation between serum lipoprotein concentrations, apolipoprotein E polymorphism, and AD risk. Several studies have found increased serum concentrations of TC, LDL cholesterol, and apolipoprotein B in patients with AD. 2 3 Epidemiological studies have further shown that the onset of AD occurs earlier in apolipoprotein E e4 carriers with high serum cholesterol. 4 A recent study reported that subjects with a history of high TC serum concentrations during middle age or early old age have an increased risk of developing AD in old age, after controlling for age and the presence of apolipoprotein E e4 allele. 5 On the contrary, the Kuopio study reported a cross sectional association between AD and lower cholesterol. 6 Lipoprotein(a) (Lp(a)), an LDL-like particle with apolipoprotein(a) bound to apolipoprotein B100 through a disulphide bond, is believed to have atherogenic and thrombotic properties. 7 Increased plasma concentration of Lp(a) has been associated with cerebrovascular disease. 8 Furthermore, a recent study found that serum concentrations of Lp(a) were significantly higher in patients with vascular dementia, as well as in patients with cerebrovascular disease, than in healthy people. 9 These abnormally high serum concentrations of Lp(a) seemed to be caused by a specific increase in low molecular weight apolipoprotein(a) isoforms in Lp(a). Several lines of evidence linking clinical expression of AD with cerebral infarct suggest that Lp(a) is a possible risk factor in the development of AD. 10 In a recent report of Mooser et al, 11 Lp(a) was an additional risk factor for late onset AD in e4 carriers, while this lipoprotein may protect against the disease in non-carriers older than 80 years. Finally, we found that increased Lp(a) serum concentrations were significantly associated with an increased risk for age related cognitive decline, dependent on high serum concentrations of apolipoprotein A I, the major apolipoprotein in the central nervous system together with apolipoprotein E. 12 We suggest that increased serum concentrations of Lp(a), by increasing the risk for subclinical atherosclerosis and silent cerebrovascular disease, may increase the risk for decline in cognitive functioning in the elderly. The aim of the present study was to evaluate the relations between sporadic AD and Lp(a), TC serum concentrations, and apolipoprotein E polymorphism.
METHODS
A total sample of 124 subjects from Apulia (Southern Italy) was studied. Sixty one patients with AD (18 men and 43 women, mean (SD) age 71.36 (9.55) years) and 63 unrelated caregivers, spouses, friends, neighbours, or volunteers (30 men and 33 women, mean (SD) age 67.67 (10.66) years) who presented themselves to the Centre for Aging Brain, Memory Unit, Department of Geriatrics, Bari University Hospital, Italy, between June 1998 and December 1999 were consecutively examined. Our Centre is the largest clinical setting for AD diagnosis in our region. Probable AD was clinically diagnosed according to the National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer's Disease and Related Disorders Association criteria. 13 To be eligible for inclusion in this study, patients were required to have a clinical dementia rating scale (range 0-5) score of 0.5 or higher, 14 a modified Hachinski ischaemic score (range 0-12) < 3, 15 and a Hamilton depression scale (range 0-67) score less than 17. 16 After being given a complete description of the study, all subjects or their relatives gave written informed consent.
Blood samples were obtained early in the morning after a 13 hour overnight fast. Serum was removed after centrifugation at 1500 g for 20 minutes and rapidly frozen and stored at −80°C until Lp(a) evaluation, except for the volume needed for lipid determination analysed the same day. Samples were stored in small volume storage vials that were thawed only once at the time of assay to avoid the differential loss of Lp(a) antigenicity seen at higher storage temperatures. 17 Serum Lp(a) concentrations were measured in duplicate by a commercial enzyme linked immunosorbent assay (Immuno GmbH, Heidelberg, Germany). TC was measured by enzymatic colorimetric methods (Boehringer, Mannheim, Germany). DNA was extracted from peripheral blood lymphocytes. Apolipoprotein E genotypes were determined by the polymerase chain reaction restriction fragment length polymorphisms method, reported in detail elsewhere. 18 Statistical analysis was performed by Pearson's χ 2 with a Yates correction to determine whether the observed apolipoprotein E genotype frequencies were in agreement with those determined by the Hardy-Weinberg law. Allele frequencies were determined by allele counting. Differences in age between AD patients and healthy subjects were evaluated by Student's t test. A model building strategy was developed according to Hosmer and Lemeshow. 19 A univariate logistic regression analysis was performed to evaluate the relations between AD and demographic features, apolipoprotein E genotyping, TC, and Lp(a) serum concentrations. The variables that were modelled as continuous were examined by quartile analysis to obtain the correct scale in the logit of AD, using the lowest quartile as a the reference group. The evidence of non-linearity suggested that a binary model be calculated. Following Mickey and Greenland, 20 we used p < 0.25 as a screening criterion for selection of candidate variables for the multivariate model. Thus, a multivariate logistic regression model was used to evaluate any significant change in odds ratios (OR) of AD for Lp(a) serum concentrations, according to a hierarchically well formulated procedure (that is, given any variable in the model, all lower order components of the variable must also be contained in the model). This relation was controlled for covariates (sex, age, apolipoprotein E carriers, and TC concentrations) that could be effect modifiers or confounders. We then assessed confounding, then considered validity and precision. For each analysis, AD was considered to be the dependent variable coded 0 (without AD) and 1 (with AD). The significance threshold was set at 0.05. The SAS statistical software package was used for data analysis (SAS Institute, Cary, North Carolina, USA). Table 1 shows demographic features, apolipoprotein E genotypes, TC, and Lp(a) serum concentrations of subjects with and without AD in relation to sex. No difference in sex (Pearson's χ 2 with a Yates correction, 3.56, p = 0.59) was observed, whereas patients with AD were slightly older than unaffected subjects (mean (SD) age 71.36 (9.56) and 67.67 (10.66), Student's t test 2.03, p = 0.044). The frequency of the various apolipoprotein E genotypes in our population was in Hardy-Weinberg equilibrium (patients with AD: Pearson's χ 2 with a Yates correction, 4.05, df = 3, p = 0.26; healthy subjects: Pearson's χ 2 with a Yates correction, 2.17, df = 3, p =0.54). Table 2 shows the relations between AD and apolipoprotein E e4 carrier, TC, and Lp(a) determined by univariate logistic regression analysis. Before proceeding to assess interactions in the multivariate model, we needed to examine the variables that were modelled as continuous to obtain the correct scale in the logit. Age and Lp(a) showed no evidence of linearity in the logit of AD. Then we replaced in the multivariate model age and Lp(a) as continuous variables, each with three design variables using the lowest quartile as the reference group. As table 3 shows, only one interaction was worth pursuing further: Lp(a) by age. This model seems to provide a significant improvement over the main effects only model for the multivariate model containing Lp(a) sex, age, TC, and apolipoprotein E e4 carrier. The inclusion of this interaction term in the model offered a better possibility of describing the effects of high Lp(a) serum concentrations and age on having AD. For those variables identified as candidates for elimination (sex, apolipoprotein E e4 carriers, and TC), we then assessed confounding followed by consideration of validity and precision. Table 4 shows that the effect of age on the odds of having AD increased non-linearly with increasing Lp(a) serum concentrations, with a plateau between 70 and 355 mg/l (OR 19.13, 95% confidence interval 211.5 to 1.73). For Lp(a) serum concentrations > 360 mg/l, the effect of age (> 72 years) was associated with a reduction in the odds of having AD (OR 0.15, 95% confidence interval 1.10 to 0.02).
RESULTS
However, as table 4 shows, the width of the confidence interval indicated that there was a considerable uncertainty in these estimates, in particular for Lp(a) serum concentrations ranging between 70 and 355 mg/l. Moreover, the only introduction of TC as confounder in the multivariate logistic model containing the interaction term "age by Lp(a)" was associated with a significant change (reduction) in OR of AD and narrower confidence intervals than the previous model (OR 11.33, 95% confidence interval 101.9 to 1.26) (table 4) although they were still wide. On the contrary, when controlling for sex alone or apolipoprotein E e4 carrier alone, no improvement in precision was observed (table 4) .
DISCUSSION
In the present study, Lp(a) serum concentrations were significantly associated, according to a non-linear relation, with an increased risk for AD, independently of apolipoprotein E genotypes and dependent on age. Our findings of lower TC serum concentrations in AD confirm the data of cross sectional and prospective studies in which a weak but significant inverse association with AD was found, independently of apolipoprotein E genotype. 6 21 Why the association between Lp(a) and AD depends on age is unclear. Plasma concentrations of Lp(a) are principally determined by the apolipoprotein(a) gene 22 and recently we found higher Lp(a) serum concentrations in centenarians than in normolipidaemic younger controls, suggesting that increased Lp(a) may be compatible with the attainment of extreme longevity. 23 Furthermore, the protective effect of Lp(a) in subjects older than 72 years confirmed recent data showing a reduced risk for late onset AD among e4 non-carriers older than 80 years. 11 The results showed that TC serum concentrations improved the precision of the effect modification estimate of age on the relation between Lp(a) and AD with respect to the confounding effects of age and e4. This evidence adjusted the odds of having AD due to the Lp(a) on age strata controlling for the effect probably due to LDL cholesterol, a component of TC serum concentrations, because of the molecular similarity between Lp(a) and LDL cholesterol. 24 These results suggested that the relation between Lp(a) serum concentrations and AD should be interpreted on TC strata (as well as age strata), but our small sample didn't allow us to calculate it.
Although female sex did not improve the precision of the effect modification estimate of age on the relation between Lp(a) and AD, our findings confirmed the increased risk of AD in women 25 and the possible role of female sex in increasing Lp(a) concentrations in the elderly through menopause without estrogen replacement. 26 We found an association between higher Lp(a) serum concentrations and AD independently of apolipoprotein E genotype, while Mooser et al 11 showed a dual apolipoprotein E dependent association between Lp(a) and AD. These apparently contradictory results can be explained by a possible limitation of the study of Mooser et al 11 in their selection of the population sample. In fact, the subjects they studied came from a relatively narrow geographic area of Europe (northern France) and the prevalence of apolipoprotein E genotypes in southern Italy differed from that in northern France. We have just described a geographic trend of apolipoprotein E genotype from northern to southern Europe. 18 In particular, compared with the allele frequencies in northern and central European countries (populations from Finland and France), a geographic trend for e3 and e4 alleles in late onset AD and middle aged adults was observed. The frequency of e3 increased from northern to southern Europe, while e4 decreased significantly. Moreover, the decreased apolipoprotein E e4 allele frequency in southern Italy gave a different strength of association of this polymorphism with AD in this geographical area. 27 The pathophysiological mechanisms by which increased Lp(a) may be associated with AD are unknown. Some studies suggest that the apolipoprotein E e2 allele is associated with decreased serum concentrations of Lp(a), 28 but there is no agreement on the influence of apolipoprotein E polymorphism on Lp(a) concentrations. However, in the present study, high Lp(a) serum concentrations appeared to be associated with increased AD risk, independently of apolipoprotein E genotype. The increase of serum lipoprotein concentrations in AD may be of interest, as Lp(a), TC, LDL cholesterol, and apolipoprotein B concentrations are generally related to vascular disease and evidence is growing that vascular factors have a role in the aetiology of AD. In fact, disordered plasma lipoprotein metabolism is central to the pathogenesis of atherosclerosis, a common age related chronic disease. A recent study suggested that atherosclerosis is associated not only with vascular dementia but also with AD, with a significant interaction between apolipoprotein E polymorphism and atherosclerosis in the aetiology of AD. 29 Moreover, Lp(a) is an LDL-like particle, and a recent study found that increased concentrations of serum LDL cholesterol in patients with AD correlate with brain β amyloid N-42 concentrations, suggesting that LDL cholesterol may influence the expression of AD related pathology. 3 Furthermore, clinical and epidemiological data have shown that chronic inflammation appears as a precursor of symptomatic AD, 30 suggesting another possible link between increased serum Lp(a) and AD. In fact, Lp(a) concentration has been found to be increased in a number of clinical and subclinical chronic inflammatory disorders. 31 Finally, recent studies have shown that clinical expression of AD is facilitated by cerebral ischaemia. In patients with neuropathological brain lesions typical of AD, brain infarcts, and especially lacunar infarcts, more often resulted in clinical dementia. 10 It was reported that amyloid precursor protein activity and β amyloid production increase in the hippocampus of rodents after severe transient ischaemia. 32 Since increased Lp(a) serum concentrations generally enhanced the risk of stroke, 8 this may have a role in determining clinical AD.
Limitations of our study should be considered. We identified three models controlling age by Lp(a) interaction for three possible confounders (TC, sex, and apolipoprotein E e4 carrier) considering each one alone. Because of the small size of the sample groups, we were unable to control Lp(a) by age interaction for all lipid and non-lipid potential confounders (ideal estimate). We didn't know whether our reduced models could properly control age by Lp(a) for confounding. Furthermore, larger clinical studies involving patients with non-AD dementias, as well as longitudinal studies of AD patients, are needed to confirm the relation between Lp(a) concentrations and AD. Studies in predementia subjects will probably test further the hypothesis that high Lp(a) serum concentrations may precede the development of cognitive impairment.
